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CHAPTEE 1 


INTEODIJCTION 


1 , 1 Importance of Iiiquidus Temperature ; 

A typical blast furnace slag is a complex system 
consisting of several constituents and has no well-defined 
melting point. In the quenched state, it consists of a 
glassy phase which on heating exhibits a softening range but 
no sharp melting point. In the softening range the viscosity 
of any glass graidually falls by several orders of magnitude 
to show transition from an apparent rigid state to a fluid 
one, Eor such slags, therefore, it is difficult to define a 
sharp melting point. However, one can indicate an approxi- 
mate temperature at which the entire bulA is transformed 
into a molten state. Thus the liquidus temperature has been 
defined as a temperature above which the system is completely 
liquid. 

The importance of liquidus temperature in blast 
furnace operation cannot be over-emphasised. If the liquidus 
temperature is low, then a molten slag is obtained at a lower 
hearth temperature . A molten slag at lower temperature 
allows lower operational temperature in the blast fumace 
leading to lower coke rate and less refractory wear. It 



also yields pig iron with a lower silicon content, ?/hich is 
an advantage in steelmaking. It is therefore extremely 
important to operate blast furnaces with slag of as low a 
liquidus temperature as possible. 

1 , 2 Ob.iective of the Present Work ; 

The objective of the present investigation is to 
measure the solidus and liquidus temperatures of some slag 
compositions 5 specified by Hindustan Steel limited, Research 
and Development Organization. They are interested in 
changing compositions of the Bosh slag by additions through 
tuyeres. 

The bosh slag characteristics has quite a bearing 
with the performance of any blast furnace. Indian blast 
furnaces operate under an unusual slag regime characterized 
mainly by highly viscous bosh slag. This is because of the 
fact that the flux required to be charged through the burden 
is very high under Indian conditions of high ash in cofce 
and high Al^O^/SiO^ ratio. But only about 25% of coke ash, 
which is the major source of SiOg input into the blast 
furnace is released in the bosh zone and rest of it is 
released near the tuyeres. Therefore basicity of the bosh 
slag is very high leading to high viscosity as well. If a 



3 


portion of total lime required is injected through tuyeres , 
the bosh slag basicity is likely to decrease which is expected 
to decrease the viscosity and increase bosh permeability, 
resiilting into higher driving rates and higher productivitjj- . 

Keeping in view the above , this laboratory investi- 
gation was sponsored to measure the solidus and liquidus 
temperatures of 23 slags compositions using Differential 
Thermal Analysis (DTA) and Hot Filament Microscopy (HFM) . 

These compositions were made by making various additions to 
a Rourkela blast furnace slag sample according to the specifi- 
cations given by the Research and Development Organization, 
Hindustan Steel limited. 

1 ,3 Blast Furnace Slag Composition ; 

For a blast furnace to operate smoothly and with 
maximum efficiency, the slag should have the following 
characteristics: 

a. It should be a homogeneous liquid and without any 
crystalline phases present, 

b . Its composition should be such that a wide lattitude of 
variation in composition is possible without troublesome 
slag developing. Even under the best conditions of 
operation, characteristics of the raw materials exhibit 
variations to cause significant fluctuations in 
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composition of the slag. This should not lead to notahle 
changes in its properties and performance. 

c. It should have a large capacity to retain sulphur, or 
in other words , the partition coefficient of sulphur 
between the slag and metal under conditions prevalent 
in the blast furnace should be high. 

d. It should have a low viscosity at the temperatures 
prevailing in the furnace hearth and bosh in order to 
melt it down and move it through and out of the furnace 
quickly and smoothly. This also leads to better sulphur 
and silicon partitioning. 

1 • 4 Measurement Techniques ; 

There are three methods which have been used for 
the determination of liquidus and solidus temperatures. 

1. Quench Method" This is the classical method for deter- 
mination of solidus and liquidus temperatures . In this 
method a given sample is held for a very long time at a 
given temperature to ensure attainment of equilibrium amongst 
phases. It is then quenched and the phases analysed under a 
petrographic microscope. The method is extremely tedious 
and time consuming . A single liquidus temperature may take 
a couple of days or more for determination. 
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2. Hot Filament Microscopy: In this method, first 
developed hy Ordway^'^ and thenWelch^, a phase transformation 
is actually observed visuaJ-ly in a hot filament microscope. 

For greater accuracy of temperature measurements, 
only a very minute quantity of slag is heated at the tip of 
a thermocouple which functions both as a heating device as 
well as a temperature sensing device . To achieve this dual 
purpose a switching circuit is used for alternate heating 

and temperature measurement. The switching is done at a 
frequency of 50 c/s or more. This method, however, depends 
on the visual judgement of the observer and may be subjective. 
Also the method yields no permanent record. Its great 
advantage lies in the fact that data collection can be done 
at a fast rate. 

3. Differential Thermal Analysis: The differential thermal 
analysis (DTA) is a technique of recording the difference in 
temperature between the substance under investigation and a 
reference material as the two specimens are subjected to 
identical temperature regimes in an environment heated or 
cooled at a controlled rate. If the substance is thermally 
active in the temperature range used, then the record 
obtained, called the DTA curve, shows one or more peaks, the 
positions of which are determined by the chemical composition 
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and the crystalline structure of the substance and the area 
of which is related to the energy inYolved in the reaction 
occurring . 

It has been shown that the data obtained by these 

3 

three techniques on the sane samples are in good agreement , 
provided adequate precautions are taken. 

1-5 Plan of the Work ; 

The entire work was divided into five parts. 

1 . Preparation and characterization of slag samples with 
and without additions. 

2 . Fabrication of a hot filament microscope set-up. 

3. Petermination of liquidus temperatures by hot filament 
microscopy . 

4. Fabrication of DTA set-up. 

5. Determination of liquidus and solidus temperatures 
by DTA. 
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CIIAPTEE 2 


LITBRA.TUEE REVIEW OF DIEPBREFTIAIi THERMAL 
AFALYSIS AEI) HOT EIIAMEFT MICROSCOPY 


The most widely used method for determination of 
melting and solidation points in model oxide system has been 
the one in v/hich a melt of known gross composition is brought 
into thermal equilibrium at a high temperature. It is then 
rapidly quenched to room temperature to preserve the high 
temperature phases which are identified with the aid of a 
petrographic microscope. As mentioned earlier, this method 
is extremely tedious and must be repeated at successive 
temperature intervals for every composition studied. As there 
is no means of knowing in advance which combination of temper- 
ature and composition will yield the most useful information, 
it may be necessary to examine several hundreds of quenched 
samples while investigating a system. The other methods of 
melting point determination, viz., the hot filament method 
(HEM) and the thermal analysis methods, however, are far 
more rapid and yield direct determination of these temper- 
atures for every composition. The results are reliable 
provided the experimental arrangements are adequate. 
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2 . 1 Differential Thermal Analysis (DTA) ; 

"Differential Thermal Analysis (DTA) is a technique 
of recording the difference in temperature between a subs- 
tance and a reference material as the two specimens are 
sub;iected to identical temperature regimes in an enrironment 
heated or cooled at a controlled rate. If the substance is 
thermally active in the temperature range used then the 
record obtained, called the DTA curve, shows a series of 
pealcs, the positions of which are determined by chemical 
composition and crystal structure of the substance and the 
areas of which are related to the energy involved in the 

4 

reaction occurring." 

Recording the DTA curve of a sample is not a 
difficult procedure once suitable operating conditions have 
been established. Hov/ever, the subsequent interpretation 
of the peaks and the base line shifts in terms of reactions 
and physical changes in the sample may be far more difficult, 
particularly if the sample is a multicomponent system or its 
composition is unknown. Secondly, although the art of DTA 
has reached a maturity that warrants a detailed and critical 
examination of the experimental methods used , the current 
literature still reveals a lack of knowledge of such basic 
considerations as heat transfer and temperature gradient 
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effects. Tlia basic principles of DTA and various apparatus 

used have been discussed in several books, proceedings and 
A— 1 1 

monographs. Accordingly, in the present v/rite up only 

the more important aspects would be discussed. 

2 . 1.1 Basic Principle s; 

Every chemical reaction or physical transformation 
liberates or absorbs heat, causing a change in temperature 
of the sample in DTA. Thus DTA involves recording of every 
enthalpy change caused by any structural change. DTA is a 
dynamic method in which equilibrium conditions are not 
attained. Thus the transition temperature obtained does not 
strictly correspond to equilibrium value. The differential 
temperature profile is cha?"a.cteristic of the substance under 
study for the given oxperj mental conditions and may be used 
for its identification, 

2.1.2 DTA Curve ; 

A simplified and '-’ormalized DTA curve for a 
material undergoing a simp .e endothermic reaction is sho^^/n 
in Eigure 2~1 .AT is plot '.ed on the ordinate and time, or 
temperature on the abscissa. Erom room temperature (i.e. 

A to B) and again from D to E, no reaction occurs and the 
sample heats at the same rate as the reference material 




!G. 2-1 simplified and formalized DTA curve, illustrating the 
various attributes of the peak . 
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quasi-steady state of T = 0 is again established . Over 
the v/hole peak representing an endothermic reaction, therefore, 
the amount of heat supplied by the source to the sample is 
greater than that supplied to the reference. An exothermic 
peak may be analysed similarly. 

In the case of physical transformations of the first 
order, the corresponding enthalpy change (AH) occurs at 
constant temperature, giving rise to an ideal DTA curve. In 
practice however DTA of ma.jority of substances yield curves 
that are far from ideal. This is mainly because of temperature 
gradient created in the sample . In case of phase changes of 
higher order , the total enrhalpy change occurs over a range 
of temperature but discontinuities in the specific heat and 
thermal conductivity are observed. This type of transformatior 
includes changes in magnetic properties, transition from an 
ordered state to a disordered one, and devitrification. 
Supercooling or superheating leads to special effects on DTA 
curves, which are caused bv the inhibition of the formation 

KJ 

of nuclei of some new phase. 

One of the simplest expression for area under the 
DTA curve is the following. 

M .AE r c 

= \ £hT , dt 

sm '-‘a 


g • A 


( 2.1 ) 
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where M is the active mass of reacting substance in gms ^ 

Z\H is the enthalpy change of the reaction per gm of the aotive 
substance, g is a constant concerned with the effect of the 
arrangement of the sample and of the reference on the heat 
transfer, a is the coefficient of thermal conductivity of 
the sample, -if is the temperature difference and a and c are 
the limits of integral. The above expression relates the heao 
of reaction (M .'^H) to the area under the cuive when 
constants g and a are introduced- In the above equation 
the temperature drop in the sample and the dependance of the 
area on the specific heat of the sample are neglected. Smaill 
differences (approximatel 3 ^ 3%) between calculated and measured 
values may be explained by the fact that the heat of reaction 
is not a linear function of temperature. 

A series of mathematical expressions for the DTA 
curve based on general laws of heat and mass transport have 
been deduced. However, keeping in view the possible arrange- 
ments of the system, accurate solutions are complex 
and do not have Universal applicabilitjr . 

2.1.3 Ope rat i onal Parame t e r s ; 

37 

Garn reviewed various empirical and theoretical 
factors involved in DTA. A number of experimental factors 
influencing the DTA curves are as follows: 



14 


1 . Rate of temperature rise of furnace 

2 . Fature of sample holder 

3 . Depth and radius of the sample holes in the holder 

4 . The measurement sites of both the furnace as well as 
differential temperature 

5. Nature and size of thermocouple 

6. Nature of reference substance 

7. The packing of the test sample and reference material 

8. Composition of furnace atmosphere 

9. Covering of the sample holes 

10. Particle size of powders if powdered sample is used 

11. Degree of crystallization if the sample is glassy. 

The influence of only the more important parameters 
will be discussed here. 

A. Choice of Reference Substance ; Under steady heating 
conditions with no reaction the observed temperature depends 
both on the ease of heat transfer within the reference materia 
(related to thermal conductivity) and on the amount of heat 
necessary to raise the tempo rature of the material (heat 
capacity). The quantities of interest are density, specific 
heat, thermal conductivity, and particle size. The first 
three of these are related in a term called the thermal 
diffusivity (a), which is defined as; 
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a 


A 

pc 


( 2 . 2 ) 


where A is thermal conductivity, P is density, and c is 
specific heat. 

lor steady-state temperature difference, the 

41 

following expression has been derived by Arens , 


A. T 


I _ 1) 

4 dt ^ ^a’ a^ 


(2.3) 


where dl/dt is the heating rate, r is the radius of the 
cavity and a’ and a are the thermal diffusivities of the 
sample and the reference respectively. 

It should also be noted that while the density and 
thermal conductivity are generally known for solids in large 
sizes, the effective density and the effective thermal 
conductivity will depend on particle size and packing. 

Equation (2.3) shows that a zero base line can be 
obtained only when a and a' matched exactly at all temperature 
It is also commonly found that the base line after the react io 
is not the same as before because the effective thermal 
diffusivity is most likely to change. 


B. Packing of Powders ; It has been generally found that 
non-reproducible packing from sample to sample causes 
variation between successive BTA curves and also leads to 
base line drifts. This is mainly attributed to the change 
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■^8 

in thermal diffiisivities of sample and reference material." 

For consistent and reproducihle results, it is desirable to 

use hard packing. However in certain types of holder - 

themocouple arrangement where the thermocouple is outside the 

39 40 

sample, packing does not ar'fect the curve. ’ Curves for 

materials undergoing reaction T\rith the enveloping atmosphere 

are also particularly susceptible to packing differences 

38 

unless the gas involved passes through the sample. It is, 
therefore, ess.ential that a reproducible method of packing 
should be employed. A careful packing or tapping the crucible 
by hand has been found to yield reproducible results within 

AO 

1-2^, which is adequate for most purposes. 

C. Ihe Heating Rate ; The significance of heating rate over 

the peak temperature not only depends on the nature of sample 

37 

but also the way the sample is kept. If the sample undergoe 

only a change in state the nature of sample holder is immateri 

except for heat transfer problems. In such cases the effect 

of a change of heating rate will be small and any change or 

effect can be attributed principally to heat transfer 

41 

considerations . 

The reactions involving weight-loss show peculiar 

behaviour with respect to changes in heating rates. Peak 

42 

shifts of the order of 75°0 or more have been reported. 
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Very high he£,ting rates may completely mask a thermal event 
while very low heating rates may produce too small an effect 
to be detectable . The following table summarizes the effect 
of heating rates over peak temperature, and height, and 
width of the peak. 

Effects of Slow and kast Heating Eates^^ 

Heating Rate Effect 

Slow Little base line shift; 

near equilibrium conditions; 
broad shallow peaks on T v/s time curves; 
sharp peaks on T v/s temperature curves; 
long time for determination 


East Base line drift may be appreciable; 

conditions far from equilibrium; 
large narrow peaks on T v/s time curve; 
large broad peaks on T v/s temperature c''” 
short time for deteimination 


Eor normal work 8-12°C/min rate is usually 
employed although rates rrnging from 0.1°C/min to 200°C/min 
have been reported in literature. 
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D . Temperature Measurement and Effect of the Themocouple ° 

The shape of the DTA curve and the assignment of transition 

temperature depend on where the temperatures are measured. 

4,3 

Smyth investigated the situation theoretically based on 

heat flow and arrived at tia following conclusions. 

a. If the temperature difference, flT, is expressed as a 
function of the temperature of the surface of the sample , 
then the temperature ox the point at which the curve 
first deviates from the base line corresponds to the 
transition temperature . 

b. If A T is expressed as a function of temperature of 
sample centre, and if the temperature of the surface 
increases linearly then the temperature of the peak 
corresponds to the temperature of change. 

c. If the temperature is measured in reference then the 
point of first deviation of the curve depends on the 
heating rate . 

d. If the change takes place continuously within a temperature 
interval, then it cannot be characterized by a single 
temperature. It may be characterized, however, by the 
temperature at which the rate of change under the given 
conditions attains its maximum value . 
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2.1.4 DTA Studies in Slag; System s 

A large number of DTA studies have been carried out 
in slag systems chiefly comprising of CaO, MgO , Al^O^ and 
SiOg.^^’^"* But these refer mainly to solid state transfor- 
mations j devitrification and compound formations. Very few 
studies pertaining to solidus and liquidus temperature 
measurements are available in literature. 

Solidus and liquidus determinations by DTA were 

1 'Z "X 14 

undertaken by kurse j Welch""^ and Grupner . The method 
used by Welch involved continuous automatic recording of 
specimen temperature and difference temperature by a conven- 
tional photographic recorder. The mounting of specimen, 
however, ‘was unorthodox. It consisted of using small amounts 
of material attached directly to the junction of thermocouple. 
Although a single thermocouple in the sample measures both 
absolute and difference temperatures, the measuring circuits 
are isolated from each other by a synchronous vibrator. The 
rapid switching of vibrator effectively produces continuous 
recording, for both T and A.T, The schematic representation 
of the set-up is shown in Figure 2-2. The small sample size 
and intimate thermocouple contact are a definite advantage 
in rapidly establishing thermal and chemical equilibrium 
and countering the problem of drift . Grtipner studied the 
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solidus temperature of syiithetic analogues of zinc Hast 
furnace slags. The sample holder used in this work consisted 
of three turns of 0.02 mm platinum wire with a thermo junction 
on the middle turn. The slag and the reference material 
(alumina) filled the interior and covered the exterior of the 
turns respectively. The experimental arrangement of the ITA 

cell is shown in Figure 2-3. 

Ott and McLaren"'^ have studied the role of lead 

oxide and lead silicates in the melting of a sodium-lead- 
silicate glass using DTA with thermogravimetric measurements. 
Recently Raiziger^^ invesiigated liquid phase relations in 
the portions of the systeii CaF 2 -^a 0 -Mg 0 -Al 20 ^ in an inert 
atm-osphere. The DTA was employed to find out the lowest 
liquidus temperature for the optimum compositions of the 
fluxes used in electroslag process for making cohalt base 
superalloys . 

2 ,2 Hot Filament Microscopy (HFM)p 

The principle of hot filament method (HFM) was first 
described by Ordway^'^ and later modified by Welch^. Subse- 

1 

quently it has been applied and used successfully by Byeri^,/ 
and Ohno^® with certain modifications for measurement of 


liquidus temperature . 
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HPM apparatus consists of a small, electrically 
heated thenrocouple lent into a loop at its extremity so as 
to hold the specimen in the form of a bead in contact with 
the thermo junction. The h sating current is taken from any 
convenient 50 cps so-urce and a vibrating switch driven from 
the same source permits the heating current to flow only 
during alternate half cycles, the measuring circuit being 

connected during the other half cycles. 

20 

Baldwin with a similar equipment measured 
liquidus temperatures of over 150 blast furnace slags of 
varying composition. The agreement between results of 
liquidus measurements by rlPM and quench methods were rexj 
good differing by no more than 

2.2.1 Blectrical Circuit ; 

The electrical circuit for HBM consists of a low 
voltage, high current power supply; and a switch, either 
mechanical or electrical, to change contacts to heating 
voltage or measuring instrument with a desired frequency. 

A schematic of the circuit is shown in Figure 2-4. In 
Figure 2-4 it is seen that one arm of the heated thermocouple 
is connected to common lead joining one side of the power 
supply and the measuring circuit . The essential feature of 
switch is that it should operate on break before make 



A : Ammeter 

Ti; Constant voltage transformer 
T 2 : Voriac aistotransformer 
T 3 Step transformer 
R ; Variable resistance 
H ; Thermocouple 
P - Potentiometer 
C ■ Capacitor 

Sr. Single -pole Single throw switch 
S2'. Rotating switch 


■|G.2.4Elcctrlcal circuit diagram used by Ohno Ross {Ref 21) 
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■] 

principle to ensure isolation of the two circuits. Welch 

used a single pole change over relay v/hich was later found 

to he inadequate because relay contacts required continuous 

adjustment and tended to 'float' due to excessive current. 

17 

Thus to obtain a steady-switching cycle Byerely adopted an 

arrangement which is simply two sets of automobile ignition 

contacts positioned around an eight -lobe cam so that one 

contact opens while the other closes, resulting in a sin^e 

1 8 

cliange over relay action, later on this was used by Ohno 

21 

and Ohno and Ross for liquidus measurements in synthetic 
blast furnace slags . 

2.2.2 Thermocouple ; 

Instead of conve:itional platinum and rhodium- 
platinum thermocouple, a relatively new platinum -rhodium 
alloy combination vms use5 in HPM, viz., this thermocouple 
comprised of wires of 5 % rhodium-platinum and 20 % rhodium- 
platinum. The main reason for employing the above combination 
was to avoid cold junction errors. It also allowed a higher 
working temperature . This couple is very insensitive to 
variations in cold junction temperature although the thermo- 
electric output at higher temperature approximates that of 
conventional thermocouple alloys. Consequently the cold 
junction error likely to be encountered in the use of this 
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thermocouple will not he c. significant factor within the 
overall accuracy expected . Comparison of EMP vs . temperature 
characteristics of various platinum alloy thermocouples is 
shown in Eigure 2-5 to establish this argument. 

More over j the 5% rhodium-platinum vs . 20% rhodium-platinum 
thermocouple is less susceptible to contamination than the 
standard platinum vs. 10% rhodium-platinum combination. 

2.2.3 Optimum Thermocouple Shape ; 

Some possible thermocouple shapes have been 

21 

described by Ohno and Ross and are shown in Eigure 2-6. 

The wire employed for heated part of the thermocouple was 
0.02 cm in diameter. This was welded to a short supporting 
lead, 0,05 cm in diameter, connected to external circuit by 
two set screws. In the thermocouple in Eigure 2-6 (b) a 
primaxy crystal of slag is expected to appear at the point 
indicated because the temperature in the fused slag would 
be lower at this point. In the arrangement shown in Eigure 
2-6 (c), a primary crystal would not appear at the hot 
junction but at the point indicated. Therefore, in either 
of these two cases , it is difficult to measure the liquidus 
temperature of the slag accurately. The shape depicted in 
Eigure 2-6 (a) in which primary crystal of the slag is 
expected to appear at the hot junction ought to give the 
greatest accuracy in the liquidus determinations. 


Output voltage (mv) 



FIG. 2-5 ALL ALLOY PL ATINUM - RHODIUM THERMOCOUP-LE S. 
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2,2.4 T he Optical System , 

This system consists of a long focus microscope 
and an illumination source. The microscope is characterized 
by the use of an objective of low numerical aperature, 
allowing for a greater depth of focus. This would give a 
working distance such that hot sample can be enclosed 
easily and damage of lenses from the high temperature can 
be prevented. 

The major problem confronted is visibility of the 
crystals . The crystal formation is not visible by the light 
of incandescent samples. Viewing the samples in the trans- 
mitted light is the only method that would clearly illuminate 
the crystals v^rhich are transparent. The intense illumination 
is usually obtainable from timgsten ribbon filament lamp. 
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CHAPTER 3 


EITEEATI3RE REVIEW ON LIQUIDPS TEIIPE NATURE 
IN BLAST FURNACE SLAG SYS TEH 


3 . 1 Phase Diagrams of Three Component and Multicomponent 
Svstems '^^"'^'^ : 

3-1-1 Three Component Systems ; 

A three-component system may be described by 

specifying two of the three components. The total nurober 

of degrees of freedom in a ternary system is four (T, P, 

and Xg) or three (T, X^ and X^) when pressure is kept constant 

Using phase rule it can be shown that the maximum number of 

phases which co-exist in equilibrium is four, which corres- 

47 

ponds to an invariant point. 

The composition field of a ternary system is 
usually represented by an equilateral triangle as shown in 
Figure 3-1 . Each corner of triangle represents 10015 of a 
pure component, each side, the composition of binary system 
involved, and any point within the triangle, a composition 
in the ternary system. For example in Figure 3-1 point A 
represents 100^ A, point E, 60^ B - 40% C, and point Q, 

20% A - 20% B - 60% C. To obtain composition of point Q, 
three lines parallel to sides of the triangle are drawn 
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through it, then the lengths of B1 ( 20 %), CK (20%) and 
AZ (60%) represent the concentration of A, B, and C, respec- 
tively. Two important features of this scheme of composition 
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representation are as follows. 

1 . Points on a line parallel to one side of the triangle 
represent compositions with a constant concentration of 
the component in the opposite corner. Por example, in 
Figure 3“'l pet. of B is 60 on ZY. 

2. Points on a straight line passing through one corner 
represent compositions with a fixed ratio between the 
concentrations of the components in the other two 
comers. For example, in Figure 3-15 "the ratio of 

to %0 is 2/5 on AE, 

A three dimensional diagram is necessary to 
represent the temperature vs. composition phase diagram of 
a ternary system. The temperature scale is drawn perpendi- 
cular to the composition triangle as shown in Figure 3-2 
representing a ternary system with a simple eutectic without 
compound formation. The entire liquidus surface consists of 
intersecting curved surfaces representing the primarj' phase 
fields of compounds in the system. In the case of a 
congruently melting ternary, primary phase field is a domed 
surface, the highest elevation of which represents the 
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melting point of the compound. Its field meets that of an 
adjacent congruently melting compound in a sloping valley 
or boundary line . In the case of an incongruently 
melting compound the intersection of the primary phase field 
of the first with that of second solid is a sloping terrace 
and not a valley. 

It is not a simple task to present a ternary system 
completely, for complete representation one requires a 
space diagram and several isothermal and vertical sections. 
However, most of the ternary diagrams in the literature are 
simplified by projecting the valleys of liquidus on the 
composition triangles with arrows indicating direction of 
decreasing temperature. In addition to the liquidus 
projections, cantours of isotherms and phase regions are 
marked. Usually this type of representation suffices for 
most practical purposes. A three-component system consisting 
of Al^O^-CaO-SiO^ is shown in figure 3-3* It depicts 

a. Boundary curves as solid lines, 

b. Composition lines (Alkamade lines) as dashed lines. 

The final produc" of crystallization (on slow 
cooling) of ternary solutions of this system always consists 
of three solid phases whose fields of stability are adjacent. 
The same three solid phases will be the final products of 
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cr^’-stallization from any solwtioft whose eoinposition lies 
wit-b-in the triangle formed by lines joining the oompositions 
of these three phases. 

'3A^2 Multicomponent S^z-stems t 

The arguments in'^'clTred in representing and inter- 
preting phase relations in binary and ternary systems applies 
also to quaternary and multicomponent systems. Beyond 
quaternary systems it is cuite difficult to Tisualize and 
represent the systems. So in the present discussion, salient 
features of a quaternary system would be dealt with. If 
detailed data for a quaternary system are available, it is 
usually advantageous to build a tetrahedral model of the 
system in order to show satisfactorily phase relations at a 
particular temperature in the system in sufficient detail 
for practical use. 

The complete graphical representation of a condensed 
quaternary phase, or one showing the relationships between 
temperature and all possible mixtures of four components, 
requires four dimensional space. All possible mixtures of 
four components, however, may be depicted by a regular 
tetrahedron, each apex representing 100% of one component. 
Various stable crystalline phases present in the system can 
be shown on the four faces. Considering the complex nature 
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of crystalline phases present, their modifications and their 
solubility at liquidus temperature, a systematic subdivision 
of the tetrahedron into smaller units is a must in order to 
obtain meaningful data and to convey them in a clear orderly 
manner . 

Two different methods of representation are 
available as shown in Figure 3-4. One consists of choosing 
the planes representing compositions of mixtures having a 
constant content of one of the components at a, given temper- 
ature. Such planes a.re parallel to one of the faces of the 
tetrahedron used to represent the quaternary system. Plane 
’a' in Figure 3-4 is an example of such a plane, in which Al20^ 
content is constant . The other choice consists in working 
along planes formed by joining triplets of points representing 
compositions of end members of crystalline phases present 
in the system. Plane ’b’ in Figure 3-4 is an example of such 
a plane. Experimentally determined phase relations at 
liquidus temperature on each chosen plane are then usually 
dravn separately in the form of a triangular diagrams with 
liquidus temperatures indicated by liquidus isotherms, and 
boundary curves separating the various primary phase areas. 




FIG, 3.4 ‘tetrahedron rui'i-eoeuli n-;; the (.[uateraary system 

uaC)-i;;;0~Ai t; . i’lanos (a) and (b) indicate 

ci y d 

alturuutive wa^'S t-.i' (‘ei'-reseruation (Hef. Ati) . 
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3 *2 Synthetic Blast furnace Slag Compositions ! 

A “blast furnace slag can be considered approximately 

as a quaternary system comprising of CaO-Al^O^-SiOg-ffigO 

without involving much error. An extensive work has been 

22 

carried out by Osborn et al in order to understand the 
properties and to evaluate optimum slag compositions in terms 
of Ca0-Al20^-Si02-Mg0 quaternary. 

The primary phases present in the above quaternary 
system are listed in Table 3 . 1 . liquidus temperatures vyithin 
each of these primary phase volumes vary with compositions 
in a manner which may be visualized by inspection of the 
liquid^as isotherms in each plane of constant Al^O^ content. 

The optimum slag composition with respect to 
desulphurizing power were deduced approximately from thermo- 
dynamic data for pure oxide and sulphide components. krom 
the free energy data it may be noted that KgO and FagO are 
the best de sulphur iz ers . However, because of their high 
vapour pressures and severe rate of attack on refractories, 
these oxides are not practical components of slags except 
as additions after tapping. The sulphur removal capacity of 
the practical slag ingradients increases in the order 
SiOg AlgO^ < MgO -CCaO. Clearly, low SiO^ (and Al^O^) 
and high CaO (and MgO) content would be desirable in order 
to achieve the best possible sulphur retention by the slag. 
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Table 3 • 1 

Various Compounds Present in B.P. 


Slags^^ 


Chemical Pormula Fame 


Nomenclature 


a) Single Component 


O 

CM 

H 

G orundum 

A 

CaO 

lime 

C 

MgO 

Periclase 

IT 

SiOg 

Silica 

S 

Two Component 

GaC . S i02 

Calcium silicate 

cs 

3Ca0.2Si02 

Tricalcium disilicate 

C3S2 

PCaO.SiOg 

Picalcium silicate 

C2S 

3Ca0.Si02 

Tricalcium silicate 

G„S 

3 

5GaO .Al20^ 

Tricalcium aluminate 

0„A 

3 

12Ga0.7Al„0^ 

2 3 



CaO.Al^O^ 

2 3 

Calcium aluminate 

CA 

Ca0.2Alo0^ 

2 3 

Calcium dialuminate 

OAg 

Ga0.6Al„0^ 

2 3 

Calcium hexaaluminate 

CAg 

3Al20^.2Si02 

Mull it e 


Mg0.Si02 

Pyroxene 

MS 

2Mg0.SiO2 

Porsterite 

PO 

lTg0.Al20^ 

Spinel 

Sp 
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Table 3 . 1 continued 


Chemical Pormula 


Fame 


Fomenclature 


c) Three Component 


Ca0.A1^0^.2Si0^ 

Anorthite 

An 

2GaO.AloO^ .SiO„ 

2 3 2 

Gehlenite 

Ge 

2Ca0aig0. 23102 

Akermanite 

Ik 

CaO.MgO. 23102 

Diopside 

Di 

30 aO.MgO. 23102 

Mer?rinite 

Her 

Ga0*Mg0.Si02 

Iffonticellite 

Mo 

OAlgO^.OMgO.SSiO^ 

Cordierite 

Cor 

5Al20^.4Mg0.2Si02 

Sappharine 

Sap 

Solid Solution 

2 GaO.Al 2 Oj.SiO 2 - 



2Ga0.fflg0. 23102 

Gehlemit e -akermanit e 

Mel 

CaO .MgO, 23102- 
MgO .3102 

Diops ide -pyroxe ne 

Pyr 
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22 - 

Osborn et al concluded' that for all alumina 
concentrations^ a better ic.orabination.’ of desulj}hurizing power 
and liquidus temperature coUld be obtained -by the ‘hSdition 
of magnesia. These conclusions have been based on ternary 
sections at 5, 10, 15, 20, 25, 30 and 35 wt. $ alumina. The 
variables in the slag/metal reaction are so complex that the 
effect of magnesia can be described by giving some typical 
numerical values. Given below is comparison of slags of the 
same desulphurizing power with and without addition of 
magnesia. 


Table 3 . 2 

A COIvIPARISOF OR SLAGS OR THE SAME DS SULPHUR IZIIG 
-POWER WITH AUD WITHOUT MAGEES lA^^ 


Slag Composition (wt, 

.%) 1 

Liquidus ; 
Temperature ; 

OQ j 

Silica 

Activity 

XIO^ 

Cao 

ro 

o 

SiO^ 

MgO 5 

51 .0 

10 

35.0 

- 

1500 

6,0 

40.0 

10 

36 .0 

14.0 

1450 

8.0 

48.5 

15 

36.5 

- 

1455 

5.5 

38.0 

15 

34.5 

12.5 

1430 

8.0 

46.5 

20 

33.5 

- 

1510 

4.5 

37.0 

20 

32.0 

11.0 

1450 

6.0 

44.0 

25 

31 .0 

- 

1545 

3.5 

37.5 

25 

29.5 

8.0 

1470 

5.0 


8 
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The slags are estimated to have the same desulphuri- 
zing power 5 and the effect of magnesia on the silica activity 
and liquidus temperature is shown. In all cases, for the 
optimum magnesia content, the liquidus temperature is lowered 
and the silica activity raised. However since the equilibrium 
silicon value in the iron increases or decreases by a factor 
of 3 for + 50'^C it would be seen that despite the slightly 
higher silica activities, the tendency for silica reduction 
decreases for the magnesia - containing slags. 

So far only slags containing large concentrations 

of silica have been considered. looking into CaO-AlgO^-SiO^ 

ternary (Figure 3-3) it is seen that there is a low-melting 

region adjoining the OaO-Al^O^ binary. Slags from this 

range of compositions offer attractive possibilities. For 

this composition the desulphurizing power is high and the 

silica activities are so low that the possibility of extensive 

52 

silica reduction is negligible. The problem faced is due 
to the critical nature of silica content because the liquidus 
temperature rises very steeply for concentrations of W%. 
Practically there are a number of iron ores in which gangue 
is largely alumina that might be smelted with this type of 
slag. But unfortunately, the normal fuel, i.e. coke, 
always contains silica as a constituent of the ash and 
unless the silica present in the gangue of the ore is very 
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low, the slag liquidus temperature becomes uneconomically 
high. 

Some of the more recent studies on the CaO-Al^O^- 
SiOp-ffigO quaternary system have been reported by Koch 
et Glasser and Marr^^ , Biggar and Chara^"^. 

Glasser and Marr^^ found that the system contains tw'o 
'quaternajy* compounds which are Q = 42.2 CaO , 45.5 AlpO^ , 

4.1 MgO, and 8.2 SiOp and R = 40.5 GaO , 48.0 AlpC^ , 9.4 MgO, 

2.1 SiOp and these are thormodynainically stable compounds. 

However it may be noted that these compounds are of very 

loY/ silica content and do not lie in the blast furnace slag 

composition regime. Thus the above work is not of much 
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importance in the present context. Koch et al studied the 
total equilibria between carbon-saturated molten iron and 
sulphur containing blast furnace slags of lime-silica- 
alumina and magnesia. The "total equilibrium" was attained 
by bringing saturated slag system in contact with carbon- 
saturated iron phase at 1600° and 1500°G temperature and 
ensuring that the reactions in the system have come to rest. 
This helped in determining the appropriate sulphur distri- 
bution values. They foxmd that although equilibrium ranges 

22 

were very small in comparison to data of Osborn et al , 
the respective sulphur distribution can be clearly related 
to slag components. The effect of silica was found to be 
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negligible whereas magnesia exhibited, an appreciably adverse 
effect on sulphur distribution. Also, the range of homo- 
geneous slags in system A 1 ^ 0 ^-Ca 0 -Si 02 was quantitatively 
indicated . 

24 

Koch et al described saturated surfaces in 
Al^O^-OaO-lIgO-SiOg by isothermal sections in the concentra- 
tion range of blast furnace slags for 1600°, 1500° and 1400°C 
temperatures. Homogeneous slag zone interfaces were checked 
and reestablished by saturated melt method mentioned above . 
Also the homogenous slag zone interfaces were represented by 
three dimensional tetrahedra and isothermal plane projections. 
It was found that homogeneous slag ranges were even smaller 
than presiimed earlier. The quantitative projections to 

determine the liquid us for blast furnace slag regime obtained 
24 

by Koch et al are shown in figure 3-5- figure clearly 

shows the diminishing trend of homogeneous slag range with 

25 

decrease in temperature . Koch et al also renewed the 
quaternary system of Al 20 ^-Ga 0 -Mg 0 -Si 02 by supplementing the 
recent data available . The tetrahedral model representing 
the quaternary system and all three dimensional regions 
corresponding to various crystallization regions were also 


worked out 
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3-3 Actual Blast Purnace Slags ° 

The actual slag compositions on recalculated 

basis (in terms of AlgO^, SiO^, CaO and MgO totalling to 

100 weight pet.) were plotted on ternarj equilibrium 

22 

diagram by Osborn et al « They found that the predicted 
liquidus temperature were about 100°C more than the actual 
liquidus temperature of the slag. On the basis of measure- 
ments of liquidus temperature of actual slags, this liquidus 
temperature lowering was estimated to be of the order of 
100°G on the steep liquidus slopes of the periclase and 
dicalcium silicates fields, and somewhat less in the plateau 
region. They also concluded that minor constituents were 
mainly responsible for lowering of liquidus surface without 

affecting the overall configuration, or relationship. 

20 

However Baldwin performed liquidus temperature 

measurements on actual blast furnace slag samples and 

concluded that the actual liquidus temperatures of the blast 

furnace slags were close to that predicted by considering 

it as a quaternary system, and also emphasized the reliability 

22 

of diagrams published by Osborn et al for selection of 

28 

optimum blast furnace compositions. Burgess and Baldwin 
compared the measured liquidus temperatures of the slag 
samples v/ith those calculated from quaternary diagrams of 
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Osborn et al and found the measured values lay, on an 
average, 15°C belov/ the calculated values. 

3 . 4 Oryst alligation of Blast Furnace Slag ; 

With rapid cooling, blast furnace slags remain 
glassy. In order to study these slag sample by DTA and to 
find out liquidus and solidus temperatures, it is necessary 
to have a crystalline sample to start with. Thus to convert 
a glassy sample to crystalline one, an annealing treatment 
is required. Clue was taken from the manufacture of slag- 
ceram, where a crystalline body is obtained from glassy 
matrix by an annealing process The transformation 
into a new phase, always 

occurs by the process of nucleation and growth. Thus the 
salient features of nucleation and growth rate would bo 
discussed briefly, 

ITodern theories of formation of crystal nuclei 

are based on thermodynamic principles first put forward by 
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Gibbs and later developed by Volmer . These general 
considerations would be applicable to any substance, 
looking at it from thermodynamic stand point, glass, like 
any other supercooled liquid is in a metastable state 
until a nucleus of the stable phase appears in it. It 
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then passes spontaneously into a stable phase ~ a process 
accompanied by decrease of the free energy of the system. 
However, a. certain amount of work is required for formation 
of the nucleus, and this accounts for the stability of a 
metastabLe system. For homogeneous nucleation, the change 
in free energy during formation of a spherical nucleus is 
given by 

G = ^TTr^Agv + 47^r^Ags (3«1) 

whore A gs is the change- in free energy per unit surface 
area of nucleus created and -Agv is the change in bulk free 
energy per unit volume of the nucleus formed and r is the 
radius of nucleus . 

The nucleation rate (J) is proportional to the 
probability of formation of stable nuclei, i.e. 

J = A e:cp(- ( 3 . 2 ) 


where AG* corresponds to the maximum value of AQ- at 
r = r* , where 


2 Ags 
hgv 


(3.3) 


and 


AG* 


16 TV ( Ags)^ 

5 ( Agv)^ 


(3.4) 
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Eor a general case A ff* can be written as 


AG* 


( igv) 


(5.5) 


where K is a constant called shape factor and depends on 

16-7Tn 

the shape of the nuclei (for spherical shape, n - ^ 

On the basis of the Theory of Absolute Reaction Rates, the 
nucleation rate may be expressed as: 


J 


]f KT 
h 


exp (- 


AG ' + Q\ 
T ^ 


( 3 . 6 ) 


where is the number of atoms in unit volume , h is the 
Plank’s constant, K is Boltzmann’s constant, T is the 
absolute temperature and Q is the activation energy for 
diffusion. Prom the equation (3.6) it is seen that if 
Ag* and Q remain constant with temperature then with the 
increase in temperature nucleation rate should increase . 
However this does not occur as AG decreases with decrease 
in temperature. The two xerms, viz. AG* and | produce 
opposing effects with increase or decrease in temperature 
giving rise to a maximum nucleation rate at a certain 
temperature. Thus equation (3.6) leads to an optimum 
temperature of maximum nucleation. A plot of J 
shown in Figure 3-6 . 



Heating Temp. 

J Rate of formation of nuclei 
u Rate of crystal growth 

Curve! 2 Rate of nuclei and growth respectively 

FIG. 3-6 SCHEMATIC DIAGRAM FOR THE CRYSTALLIZATION , 

OF A VISCOUS LIQUID ■ y ■ 
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The kinetics of heterogeneous nucleation of a 
crystalline phase is governed by similar principles as 
those of homogeneous nucleation excepting that the inter- 
facial free energy (i.e. interfacial tension) term in 
equation (3.6) is different. The interfacial energy is 

decided by the type of interaction between the embryo and 

29 

substrate crystal. According to Turnbull , the important 
parameter is the contact angle. 

The expressions discussed above have been derived 
for single component system, for multicomponent systems? 
the derivations become more complex. When a system is in 
a supercooled condition with respect to several phases, 
the first to crystallize is the one with the lowest energy 
of activation for nucleation. Then as the composition 
alters as a result of crystallization, consecutive deposition 
of several crystalline phases becomes possible. Becaiise 
of low diffusion coefficients, deposition of equilibrium 
phases may not occur during the finite crystallization time. 
Thus factors which favour decrease of activation energy 

for nucleation accelerate and facilitate crystallization. 

52 

Tamman studied crystal growth rate and found 
that, provided nuclei were present, below the liquidus , the 
crystal growth decreased as shown in Figure 3-6. Many 
workers have derived both empirical and theoretical 
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equauions to describe crystal growth rate. These have been 

3 '^ 

reviewed by Morley " . Underlying all the approaches, is 

the idea that rate is controlled by diffusion processes 
■n 34 

and Irenkal expressed the rate as follows 


u = A exp 



. 7 ) 


where A and C are constants, is the liquidus temperature, 
T is the interface temperature between glass and crystal, 

Ah is the heat of t^.TO dimensional condensation and Q the 
activation energy for dif'Tusion. Empirically it has foimd 
that activation energy for viscosity can be used and thus 
Frenlcel expression becomes 



(3.8) 


where q. is the viscosity and Z is a constant. This 
implies that species whose movement controls crystal growth 
also determines viscosity. This looks reasonable because 
large, slow moving species are involved in both cases. 

Thus to obtain a crystalline body, an annealing 
treatment has to be decided upon depending upon the 
morphology of crystals (coarse or fine) required, with 
the help of Figure 3-6 (which is also referred to as 
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Tanmian curve). 


Eor illustration, 


if we reqiiire large crystal 


size, a moderate rate of nucleation combined witb a higb 
gro^Yth rate is necessary, while for a sma.ll crystal sise 
the maximum nucleation rate combined with moderate, not 
maximum crystal growth rate ought to be chosen. 
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CHAPTER 4 

PREPARATIOH AND CHARACTERIZATION OP SLAG SAMPIES 

4 • 1 Preparation of 3 .P . Slag; Sample ; 

4.1.1 Crushinis: and GrindiniS: ; 

Rourkela Blast Pnrnace slag was crushed in a jaw 
crusher to a size of about 1 cm. After primary crushing the 
material was mixed properly and about 5 Kgs representative 
slag sample was taken for grinding following standard 
sampling procedure. The grinding was performed in a ball 
mill. Pinal particle size of the slag was primarily -325 
mesh. 

4.1.2 Magnetic Separation : 

A representative part of finely ground slag was 
subjected to magnetic separation in a drum type laboratory 
magnetic separator. Since the particle size was very fine, 
the separation of iron particles was not up to the mark, 
because slag particles adhered to free iron particles. 

Thus in the final stage the magnetic separation was carried 
out manually v/ith a strong permanent bar magnet , 

The finally prepared slag sample after drying was 
stored in desiccator to avoid absorption of moisture. 



Additives -Specific at i ons and Preparation ' 

Alumina (Al^O^); AlCOA, U.S.A. 
ffiaximum Impurities; SiO^ 


16203 

■Ia20 


0 , 03 % 

0 . 03 % 

0 . 06 % 

\% 


loss on Ignition 
Calcium Oxide (CaO); 

SuJflclently pure CaO was not available. Therefore 
it was prepared by calcining CaCO^ at 1100 c for a 1 ng 
ti^e in order to drive out 00, completely. The completion 
was checked by weight loss measurements. 

Calcium Carbonate (CaC 03 ); BDH-LR grade 

Mixed Oxides ~ 0.23% 

Loss on Ignition - ^ *5%° 

Titanium Dioxide (Ti02) » BDH-IR grade 
Le Content " 0.05% 


Loss on Ignition 


0.5% 


v^.,p.-cation of Tarioug Com positions With and Witho ut 
Addi tives : 

The slag samples and additions were weighed to an 
,uraoy of 1 mg and then thoroughly mired in mortar and 
stle. The smnples were then melted in graphite oruoihle 
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in a 6 KW Type "CH” AJAX-TORTHRUP Induction furnace. Since 
the slag itself is a poor conductor of electricity it needs 
to "be indirectly heated through the use of graphite crucible . 
Due to above reason melting took a long time. Mostly the 
saiaple at the bottom of the crucible melted while top portion 
remained in solid or semisolid state. This was taken care 
of by stirring with a graphite rod. It took about 15 minutes 
to homogenize the melt . The liquid slag was finally poured 
over a copper plate and quenched. This quenching was 
perxormed to exclude any possibility of segregation of the 
mel u . The quenchea samples were then again crushed and 
ground. A hand magnet was used to separate metallic iron 
particles if any. The samples were remelted and quenched 
again for ensuring proper nomogeneization. The quenched 
samples v/ere again crushed, ground and then stored in 
desiccator. Figure 4-1 shows a sketch of the crucible used 
in melting. 


4.4 Chemical Analysis of Blast Furnace Slags ; 

In order to find out the percentage of constituents 
in the plain blast furnace slag without additives, it was 
chemically analysed a number of times. The results are 
shown in Table 4.1. It was, however, found that the 
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analysis results- were not reproducible . It is evident that 
no two sets of analysis match and the reliability of any 
one sat cannot be substantiated , As such acceptance of a 
set of values needed a judgement. A discussion was carried 
out "With HSL (E & E) regarding expected ranges of various 
constituents. Some analyses results were altogether 
discarded, Y/hile in other analyses^ averages were taken for 
the major constituents viZf, Al20^ , CaO , SiO^ and MgO. for 
minor constituents also, average values were taken wherever 
possible. The amount of iron oxide and sulphur were fixed 
as 1.0 and 0.5 pet. respectively. Thus the blast furnace 
slag composition finally accepted is as follows. 


Constituents 

AlgO^ 

CaO 

MgO 

SiOg 

MnO 

Ti02 

leO 

Sulphur 


Weight Percent 

25.5 

29.0 

4.5 

35.5 
3.8 
0.2 
1 .0 
0.5 


Total 


100.0 
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4.5 Chemical Characterization of Tarious Compositions ; 

On the basis of the fine.! chemical composition of 
the slag, calculations were performed to obtain the chemical 
composition of each sample in ?/eight percent. These are 
shov/n in Table 4.2A and 4.2B. 

4 . 6 Annealing Procedirre of Blast Purn-ace Slags : 

It consists of heating the slag samples at a given 
temperature such that nucleation of the crystalline phases 
occurs. This was achieved by holding the sample at certain 
temperature T^ for certai>i time t^ . In order to accelerate 
the growth of crystallites formed, the sample temperature 
was raised to T^ and held there for time t^. This was 
expected to lead to a well-crystallized sample. The 
annealing temperatures and times T^ , T^ and t^ , tg respec- 
tively, depend on the individual composition and can be 

35 

roughly predicted by theoretical considerations. But the 

actual values have to be ascertained experimentally. 

Since the theoretical considerations about 

annealing time and temperature are quite involved, a 

common heat treatment scheme was selected, which is usually 

36 

applied in slag-ceram manufacture. 
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The procedure consisted of heating the samples in 
zirconia crucibles to 750°G and holding at this temperature 
for 24 hours. Subsequently the temperature v/as raised to 
850°C and held there for 24 hours more. 
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CHAPTER 5 

DESIGN, EABRICATION AND PEEEOEMANCE OP HOT 
'FTLM.mm MICROSCOPE (HE®) 

As discussed earlier HEM technique consists of 
heating a tiny slag sample kept at a thermocouple tip in the 
form of a filament which is heated by passing current through 
it . The thermocouple tip also acts as a temperature sensing 
device in the absence of the heating current. The dual 
purpose of heating and temperature sensing is served by the 
help of a switch, solid state or mechanical in nature, which 
connects the heating element alternatively either to heating 
voltage or to potentiometer as shown in Figure 5.1. The hot 
filament is observed under a long focus microscope for 
detection of melting and crystallization of the sample . The 
schematic diagram of the microscope and hot filament assembly 
is shown in Figure 5.2. 

The essential components involved in HFM are; 

1 . Filament with supporting leads of thermocouple grade wires 

2 . Switching device , solid state or mechanical 

3 . Intense light source 

4. Long focus microscope 

5 . Low voltage , high current power supply 

6 . Potentiometer to measure temperature 

These above components are described in the following 


sections. 







68 


5 . 1 A'p-paratus ; 

5.1.1 Pilament Assembly ; 

It consisted of the filament and the support lead 
wires which were supported with the help of screws to "binding 
post. These brass binding posts were fixed over a thick 
perspex plate. About 2 cm of length of each thermocouple wire 
were taken and spot welded at their tips. A schematic diagram 
of the fabricated filament is shorn in Pigure 2.6(a). Free 
ends of filament wires were joined to wires of similar compo- 
sition and of 0,5 mm diameter. These thick wires were used 
to save the binding posts from excessive heating. The filament 
was bent in a IJ-shape such that the gap betvreen wires was 
around 0.02 to 0.025 mm only. The gap is a critical factor 
in order to maintain a uniform temperature zone . The filament 
was tightened to brass binding posts fixed over a non- 
conducting base made of perspex plate. The whole assembly 
was placed over a movable platform londer the microscope . The 
filament was enclosed in a glass enclosure to cut down 
convective heat loss. The glass enclosure was fitted with a 
optically flat glass top. 

5.1*2 Power Supply : 


The characteristic feature of power supply for the 
EFM is the requirement of low voltage arid high current . The 
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high, current is needed because of extremely low resistance 
of filament (approximately 0.2 ohm). Thus the mains volta.gG 
of 230 Y v/as stepped down to 10 V by means of a step down 
transformer v/hich in turn wa.s connected to an auto transformer 
wariac . The autotransformer variac is to regulate the filament 
Toltage for temperature control. The output of the variac 
was fed to the filament through a switching device . The mains 
voltage of 230 Y was taken bhrough a voltage stabilizer to 
get rid of line voltage fluctuations . 

5 . 1.3 Switching Devices : 

A sv/itching device for HFM technique is basically 

meant to allow’ the voltage to filament intermittently such 

that in the absence of heating voltage, the filament is 

connected across a potentiometer to measure the thermocouple 

e.m.f. The frequency of intermittent voltage supply has to be 

maintained such that a steady-state heating of filament is 

2 55 

obtained. Keeping in view the problem faced by Welch ’ , 

54 56 

and others ’ , different types of switches were tried ?/hich 

are described below. 

a. Solid State Device; At first an attempt was made to 

develop a solid-state switching device, due to inherent 

2 55 

limitations of the mechanical switches used by Welch ’ 

The high current led to severe contact erosion, and required 
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constant maintenance and adjustments of the contao-^s^ 

In the solid state device circuit shown Figure 
5 . 3 , the filament was heated by a D.C. voltage whi^]^ 
controlled by an A ,C , signal. The filament was to 139 heated 
in the positive part of the voltage cycle while 
negative part of the cycle, the power to the filo^g^^ 
be cut off and thermocouple e.m.f. developed was sensed 

by a potentiometer through an amplifier circuit. ihis 
amplifier circuit acts as an open switch during positive 
heating cycle. This Y;ould shield the millivolt potentiometer 
against high voltages . The main components used in solid 
state circuit were power transistor EC17055, dio(^Q CD21 
operational amplifier A 741 , carbon resistances variable 
resistors. This circuit did not gave the required performance 
due to the small overlap of heating voltage with that of 
thermocouple e.m.f. This was due to the inherent limitation 
of a solid state junction which always gives some leakage 
voltage in the non-conducting cycle . 

Thus it was decided to try a switch giying rise to 
a physical make or break contact with heating voltage and 
potentiometer. 

b. Electromagnetic Switch: This type of switch shown in 
Figure 5 *4 mechanically transfers xhe contact from one circuit 
to the other and thus any kind of overlap of the two voltages 
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FIG. 5-3. Solid state switching circuit 
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was not; possible. This employed a double— pole , double— throw 
mechanical relay (AB 11 type). The relay was energized by a 
triac circuit using a square ?/aTe. The relay contact terminals 
were capable of taking 10 amperes current. Here the filament 
was connected to moving poles of the switch which either made 
contacts ?vrith heating voltage when the relay v/as energized 
to the potentiometer Y^hen the relay was off. The components 
used were DPDT relay, triac ST106, step down transformer, 
zener diode, diode, operational amplifier (-^741) capacitor 
and resistances. 

The performance of this sv/itch was not up to the mark 
due to the large temperature fluctuations of the filament. 

These temperature fluctuations could be reduced only if the 
switching frequency was higher. However the relay could not 
operate beyond a frequency of 15 cycles/sec. Thus the switch 
could not be used effectively for liquidus measurements due 
to large temperature variations during heating and non-heating 
cycles . 

c. Mechanical Switchs Keeping in view the limited switching 
frequency of the electromagnetic switch, a rotary switch v/as 
fabricated as shown in Figure 5.5. It was a simple single- 
pole double-throw (-SPDT) sv/itch. It consists of a rotor 
mounted with bakelite disks over which two copper rings are 
fitted. These rings shown in Figure 5.6(b) are insulated from 
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each other, the gap between them being covered ?/ith bakelite 
so as to alio?'/ smooth contact with the bxnsh. The rotor 
assembly is mounted over two ball bearing supports on either 
side in a brass frame . From one side three spring-loaded 
brushes are mounted over the rotor. These brushes were of 
copper-graphite composites to enable them to carry large 
current . The spring-loaded brush assembly is shown in Figure 
5 . 6 (a). The central brush ’a' acts as the single pole which 
alternately gets connected '.'/ith 'b’ or ’c'. The gap between 
the t?/o copper rings was adjusted to give break-before -make 
contact . This arrangement is necessary to safe-guard the 
millivolt-potentiometer from damage by overlap of high voltage. 

5 . 1.4 Optical System s 

This comprised of a long focus microscope and an 
illumination source , The microscope had been manufactured by 
American Optical Company (U.S.A.). It has three different 
magnifications viz. 17.5, 35, and 70. The illumination 
source comprised of a high ?/attage projection lamp. The 
light of the source was focused by means of a condenser lens 
on to the plane of the filament. This type of illumination 
is necessary because the incandescent light of the filament 
itself was not sufficient to allow visualization of the 
process of crystallization. However, one could see the 
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physical roimding of the sample due to surface tension forces 
along the filament as the softening of the sample started. 

To ohserTe the crystals, during solidification of the melt, 
an intense light beam has to be focused over the filament. 

It v/ould also be very difficult to visualize the crystals if 
the amount of the sample is large . 

5 . 2 Performance of the Apparatus ; 

During trial of the filament assembly, the filam-ent 
was directly heated without the switching device and it 
showed good performance. Tiie fine adjustments of temperature 
could be made by the autoti..,ns former variac. The microscope 
could be focused easily to observe the sample. The illumin- 
ation system was not upto the mark. This could be attributed 
to a large sample which increased the opacity. However, a 
few more trials are required to ascertain the performance of 
the optical system. 

The major problem was associated with the switching 
device. In the case of solid-state switching device, the 
circuit developed to isolate the heating voltage from thermo- 
couple e.m.f. did not give the desired performance. The 
failure was due to limitation of the device to filter out 
the undesirable voltage completely. In the case of electro- 
magnetic switching device, the separation of heating voltage 



from thermocouple c.m.f. was mpto the mark because of the 
mechanical isolation of contacts. The problem arose due to 
limited switching fnequencp of relay. The maximum frequency 
attainable for the switching c^cle was about 15 cps . Though 
the slag melted down at this switching frequency, the temper- 
ature fluctuations seemed "lo be quite large which did not 
allow accurate measurements and control of temperature. The 
mechanical switching scheme gawe the switching at high 
frequencies depending on the speed with which it was rotated. 
But excGssiwe sparking at the contacts led to power fluctu- 
ations resulting into fluctuations in the filament temperature . 
Contact quenching with lubricants like petroleum jelly and 
others V(rere tried but the problem remained. 

Shortage of time did not allow pursuing these any 
further and set the appaxahis right. 



CHAPTER 6 


DIEEERHTIAI THEMIAL ANALYSIS (PTA) ; 

APPARATUS AND EXPERIMENTAL PROCEDURE 

DTA consists of heating or cooling a pair of 
thermocouples, one immersed in or in contact with a standard 
material and the other v/ith the sample when the difference 
between the two thermocouples is recorded as a function of 
time or temperature, a DTA curve is obtained. The DTA curve 
gives rise to a peak v/hen the sample thermocouple absorbs or 
releases heat due to some kind of change occurring in it . 

The main features of DTA apparatus are as f ollov/s s 

a. Purnace and power supply 

b. DTA cell comprising of crucibles and thermocouples 

c . treasuring and recording instruments for temperature and 
difference of temperature . 

The DTA set-up used in the present work is shown in 
Figure 6.1. 

6 .1 Apparatus ° 

6.1.1 Furnace and Power Supply s 

The salient feature of a DTA furnace is the require- 
ment of fast temperature response. For a fast temperature 
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response, a furnace with as small an insulation as possible 

ds a must. Keeping the above fact in mind, a furnace 

was designed for an operating temperature of 1600°G. The 

heat fliux calculations were performed using graphical method 

57 

developed by Heilman . A iieavily insulated furnace is less 
sub^eot to minor fluctuatic'is in temperature due to fluctuatic 
in Ixno voi.tage. It also requires less power. However, one 
drav/back of a heavily insulated furnace is that it will take 
a longer time to cool dovvn and heat up thus slov/ing the 
response of the furnace to temperature changes. 

The high working temperature requirement prompted 
the use of 20 % Rhodium-Platinum alloy wire of 0.5 mm diameter 
as the heating element. The furnace set-up is shown in Piguro 
6,2. The wire was helically wound on recrystallized 
tube of 1.5 cm I.D., 2.25 cm O.D. and 42.0 cm long. The 
pattern of winding is shown in Pigure 6.3. The ends contained 
winding of 4 turns/cm while the centre 2 turns/cm. This gives 
a constant temperature zone of about 4-5 cm. The winding 
v/as cemented into place with high temperature Horton Alundum 
refractory cement. Chemicaj-ly pure alumina powder of -200 
mesh size was employed as insulating material. The optimum 
shell diameter was decided by taking into the surface 
temperature, insulation effect and the requirement of rapid 
response of the furnace to temperature changes. A 15 cm 
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diameter outer shell was taken. The shell was made of 
aluminium sheet. The two ends of the furnace were closed 
with 1 cm thick asbestos cement sheets. 

Power to furnace was taken from 230 A.C. stabilized 
voltage source through a auto transformer variac . The heating 
and cooling of the furnace was also controlled by the Variac 
by changing the voltage manually. 

6.1.2 The DTA Cell Assembly : 

The schematic diagram of the DTA cell assembly is 
shown in Figure 6.4. It consisted of two specially shaped 
platinum —10% rhodium crucibles supported over two double -hole 
alumina sheaths of 0.32 cm diameter. These in turn ?/ere 
supported by a double-bore mullite sheath of 1 cm diameter. 

The tv/o matched pair of 10% rhodium-platinum and platinum 
thermocouple of diameter 0.02 cm passed through thin alumina 
sheaths . The large diameter sheath was fixed to the furnace 
head at the bottom with the help of three screws. 

The specially shaped crucibles were chosen so as to 
avoid the need for sample block for containing crucibles. 
Moreover crucibles rested over the thermocouple junction to 
give a good thermal contact. Since the thermocouple junctions 
were not in direct contact with the sample they were safe 
from corrosive nature of slags. The furnace top was closed 
with the help of an alumina crucible to avoid heat loss. 
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6.1.3 Measuring Instr-uiiieni:s ; 

These vv'ere required to record the ^ T signal and the 
temperature, lor recording differential temperature (AT) 
signal j a strip chart recorder in conjunction with a DC micro-- 
Yolt amplifier was employed. The recorder was manufactured by 
Digital Electronics Ltd. -.t has various chart speeds ranging 
from 0.2 cm/min to 10 cm/rm.n. Microvolt indicating amplifier 
was manufactured by Leeds 0, Morthrup Co., U.S.A. It can 
magnify the input signal by factors of 5, 10, 20, 50, 100 and 
200 v/hen switched to recorder position. A millivolt poten- 
tiometer of Leeds & Northrup Co. was employed to measure the 
temperature of the sample intermittently. It has an accuracy 
of +5 microvolts. With the above set-up a continuous record 
of temperature was not possible during the DTA runs . 

In order to check the possibility of stray e.m.f. 
pick ups by the measuring instrument, several precautions wcx .. 
taken. All electrical connections were made with coaxial 
cables. The recorder, potentiometer and millivolt amplifier 
?/ere also grounded separately with the help of copper wire. 
Moreover, the outer shell cf furnace was also grounded. To 
avoid the disturbances arising due to line voltage fluctuation 
all the instruments were operated by stabilized voltage. 

A photograph of the DTA set-up used is presented j.n 
Eigure 6.5. 
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6 .2 Sacperimental Procedure ; 

The sample weighing about 36 mg was tahen in the 
cruciole . The crucible was mildly tapped over a flat surface 
to ensure a ^onifom packing. To ensure complete filling of 
crucible, slightly more slag was taken, the excess fell out 
during tapping. This procedure was adopted in order to obtain 
uniform and reproducible packing of sample for all the DTA 
runs. A similar procedure was followed for filling standard 
substance in the crucible. However the standard sample was 
not removed and renewed for every sample . Usually the standard 
substance was replaced only after three runs or in some cases 
earlier, if it fell out during adjustments of the DTA cell 
inside the furnace . Under normal packing a crucible contained 
about 13 mgs of alumina. After proper filling, the crucibles 
v/ere mounted over the alumina sheaths ensuring a good contact 
between them and the thermocouple tips. The physical contact 
was checked by a multimeter. Afterwards the UTA cell was 
introduced in the furnace in a vertical position. Finer 
adjustments of the DTA cell were made in order to ensure that 
the two crucibles were in a symmetrical position around the 
vertical axis of the furnace tube. This minimizes the 
temperature difference between the two crucibles . 

Under steady-state conditions the DTA furnace 
temperatures, with respect to voltage were as follows. 



89 


Temperature 

(°c) 

Voltage 

V 

1000 

50 

1100 

56 

1200 

60 

1400 

75 

1500 

80 


After the proper placement of the DTA cell inside 
the furnace and closing the furnace tube top by an alumina 
crucible, the furnace was slowly heated to 1000°C or so. 

During this period no DIA record was made. Afterwards the 
DTA was performed at controlled heating rates; AT signal 
being recorded as function of time. Meanwhile the temperature 
of the sample crucible was measured every minute to ensure 
the linearity of the heating rate. Diner adjustments of the 
voltage ?/ere made in between as per the requirement to obtain 
more or less an uniform heating rate. By trial runs, for 
different heating rates, the required voltage steps per unit 
time were ascertained. Dor heating rates of 6°C/min and 
3°C/iiiin, the required voltage steps were 1 volt change in 
3 minutes and 6 minutes respectively . Usually the manual 
adjustment of the autotransformer gave heating and cooling 
rates within an accuracy of + 1°0/min. 
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Most of the samples were heated upto 1500°C or so 
for the present DTA work. fTA traces were taken only during 
the heating cycle because during cooling peaks did not appear. 

Between the experiments, the thermocouple calibra- 
tions v/ere performed with rhe help of a reference thermocounl e 
(supplied by Engelhard! Inc., U.S.A.) to keep track of any 
deterioration of the thermocouples in use. 

After a DTA run was finished, the crucible containing 
slag sample was washed by boiling in concentrated HCl. This 
required around 24 hours, so a set of crucibles were kept for 
the work. 

6 .3 Pei*formanGe of the Apparatus at Moderate Temperature : 

Moderate temperature trials were performed with 
quartz, samples for k. — transformation at around 575°C. 

The apparatus gawe well defined endothermic and exothermic 
peaks during heating and cooling. The transition temperatures 
were matching with the values reported in literature after 
suitable compensation for the heating rate employed was made. 

6.4 Performance of the Apparatus at High Temperature ; 

During high temperature trial runs, a ma;ior problem 
was appearance of broad peek above 1200°C. It appeared like 
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a DiA peak out this possibility was rejected because of its 
non-rewersible nature during heating and cooling cycles (i.e. 
the peak \/as in the same direction both during heating and 
during cooling). First of all it was thought that this might 
be due to some kind of physical change occurring in the thermo- 
couple or DTA cell components. Thus one by one all the 
components were individually checked by changing or replacement 
and taking blank runs. However the components seemed to be 
alright and no such change could be traced. Fext it was 
thought that spurious peaks may be caused due to interfarence 
of furnace power supply . This was ruled out by ascertaining 
the behaviour when power to furnace vras switched off. 

At last the spurious signal was removed by grounding 
the common terminal of the thermocouples. It was eventually 
attributed to the D.C. components of asymmetric stray A.C. 
pick-up from some external source. 

Trial runs with actual slag samples also did not 
yield any DTA peaks. After;/ards the slag samples were given 
annealing treatment in the turnace itself (Sec. 3.4). This 
yielded DTA peaks during the heating cycle. During the 
cooling cycle no DTA peak was obtained for annealed samples 


also . 
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CrlAPTER 7 

EESUIiTS AND DISCUSS lOIS 


7 . 1 DTA Traces ; 

Thirtynine DTA curves' (24 samples) obtained under 
various conditions in the present work are given in the 
Appendix I. All the traces obtained are with packed powders 
during heating cycle only. The molten slag samples did not 
give DTA peaks during cooling presumably because of difficulty 
of crystallisation. Also the traces do not show temperatures 
below 1000°C. The curves shown are approximately to half 
scale from the original traces. The salient features of each 
trace are indicated on the diagrams. Table 7.1 summarizes 
the main observations deduced from these curves while most of 
the traces are for the same heating rate (6-7°C/min), some 
traces were obtained with other heating rates (Figures 1-18, 
1-34). 

The salient features of the DTA traces include 
initial base lines, single or multiple peaks, abrupt base 
line shifts, continuous and discontinuous changes in base 
line slopes. The base lines obtained during heating are 
initially wavy and subsequently relatively smooth. The 
traces then show well-defined single peaks or multiple peaks . 


Table 7.1 

SuiTffiiary of Main Obsui'Tatiorls from ITA Traces 
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Hcabiiig lu?.i:;e — All 6— 7°C/iain. Unless Otherv/ise Mentioned 
Sample Condition - Annealed x’owder Unless Otherwise Mentioned 



S 

- Pure slag, Y - 

Al.O, , Z - 

e p 

CaO , T - 

TiO^ 

I t 

SuniSampleJ Designation 

IIo.jlTo. I of Sample 

! ! 

1 t 

! 

1 qi 

; S’ 

J Solidus 

{ Temp . 5 °C 

* 

liquidus 
Temp . , °C 

t 

? 

\ 

] Remarks* 

T 

t 

! 

! 

1 

A1 

100S 

1135-1146 


A,D,E 

2 

A1 

100S 

1135-1145 

1325(?)*** 

Double annoaled 
B,R 

3 

A2 

100S+10Z 

1195-1198 

- 

A,D,P 

4 

A3 

100S+20Z 

1225 

1390-1400 

B 

5 

A4 

100S-t-30Z 

1318-1335 

1431(?) 

R 

6 

A4 

100S+30Z 

1315-1330 

1426(?) 

B 

7 

A4 

100S+30Z 

- 

1435(‘^) 

Double annealed 
R 

3 

A5 

100S+30Z+10Y 

1360 

1485-1490 

A,R 

9 

A6 

100S+50Z+20Y 

1215 

- 

A,E 

10 

A6 

100S+30Z+20Y 

1240-1245 

1512 

A,D 

11 

A7 

100S+40Z+10Y 

1335 

1464 

B,D 

12 

AT 

100S+40Z+10Y 

1328-1333 

1464 

B,D 

13 

A8 

100S+40Z+20Y 

1324 

1487-1491 

A,D 

14 

AS. 

100S+40Z+20Y 

1329 

1488 

A,R 

15 

A9 

100S+50Z+10Y 

1325 

1520-1522 

A,D 

16 

A10 

100S+50Z+20Y 

1329 

1468 

E 
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Table 7.1 (Continued) 


T 

Eun {Sample 
Eo . {Mo . 

t 

T 



! 

{ Designation 

{ of Sample 

! 

j 

{Solidus { Liquidus 
{Ternp.j oC{ Temp.jOC 

'' 

! 

{ Remarks 

! 
t 

I 

4 

17 

A10 

100S+50Z+20Y 

1320 1450 

B 

18 

A10 

100S+50Z+20Y 

1335 1446 

Heating rate 
(2-3°C/inin. ) , 
Broad peak 

19a B2 

100S+10Y 

1105-1115 

B 

19b 

B2 

100S+10Y 

1110-1115 1320-1322 

Repeat run on 19a 
peak less pronou- 
nced 

20 

B3 

1 00S+20Y 

1200 1408 

Single broad peal" 

21 

B'.3-1 

100S+20Y+1 .2T 

122C 1372 

Single broad peal: 

22 

B3-2 

100S+20Y+2.4T 

1288 1458(7), 

1483(7) 

B,E 

23 

B4 

100S+30Y 

1242 1377 

Single narrow 
peak 

24 

B5 

100S+30Y+20Z 

1250-1258 1426 

Single broad peak 

25 

B6 

100S+50Y+20Z 

1295 1446 

Single broad peak 

26 

B7 

100S+40Y+30Z 

1258 

C,B 

27 

B7 

1 00S+40Y+30Z 

1455(7) 

F, Appearance of 
small peak 

28 

B7 

100S+40Y+30Z 

1228-1269 1454(7) 

FjJfo clear peak, 
small thermal 
arrest at 1400°C 

29 

B7 

100S+40Y+30Z 

1459(?) 

B,iro clear peak, 
small thermal 
arrest at 1400°C, 
Double annealed 
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Table 7.1 (Continued) 


Run 

\ 

’Sample 

\ 

J Designation 

! m f rn 

I S’ I 

' “ ~~ 

f 

No . 

|No. 

\ 

t 

1 

J of Sample 

1 

! 

1 

JPolidus lliquidus 
jlemp., °C;iemp., oq 

! Remarks 

? 
f 
! 

30 

B8 

ioos+6oy-f30z 

1337 1452 

Single peak,F 

31 

B8-1 

100S+60Y+30Z-f-1 .91 

1225 1354 

Single large peak 

32 

B8-1' 

100S+60Y+30Z+1 .91 

1227 1370 

Single large pealc 

33 

B8-1 

100S-f60Y+30Z+1 .91 

1230 1355(?) 

Heating rate 
2-3°C/min, 

Simple peak 

34 

B8-2 

1C0S+60Y-h30Z-f3.8T 

1209-1219 1345(?) 

Single large pea!: 

35 

B9 

100S+50Y+40Z 

1230(?) 

C,F 

36 

B9 

100S-1-50Y+40Z 


C ,F , Double anne- 
aled 

37 

BIO 

100S+70Y4-40Z 


C,F 

3S 

BIO 

100S+70Y+40Z 

- 

C ,F , Double anne- 
aled 

39 

S 

.8 Anorthite 
, 2 Akermanite 

1240 1470 

Single peakjF 


* A - Multiple peaks (refer to Figures 1-10,- 1-15) 

B - Double peak (refer to Figures 1-1 t, 1-12) 

C - No peak (refer to Figures 1-38, 1-39) 

D - Spurious effects before melting (refer to Figures -1-1 1 j 1-12) 
E - Spurious effect after melting (refer to Figures -1-6 , -1-1 6 ) 

F - Shifting of base line slope (refer to Figures 1-8, 1-30) 

** - No value could be obtained 

***? _ Uncertainty exists, 

Anorthite ~ GaO ,A1^0^ .2Si0„ 

Akermanite - 2Ga0 ,Mg0.2Si02 
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Ultimately the traces show a sudden upward swing i.e. a 
drastic change in base line slope. This is associated with 
completion of the melting process. In some cases the trace 
tends to droop again or even exhibits some secondary peaks. 
These have been found to be associated with formation of 
bubbles in the solidified slag samples, ejection of sample 
from the crucible etc. The lack of smoothness of base line 
may be attributed to initial adjustments problems in measuring 
apparatus and changes in packing density. 

The solidus and liquidus temperatures have been 
obtained using a simple graphical procedure of extended base 
line-tangent intercept as shown on the diagrams. A small 
error is certainly present because of subjective judgement. 

The possible errors have been indicated in Table 7.1. 

7 .2 Results ; 

Table 7.1 summarizes the main results obtained by 
the DTA. It shows the beginning and end of melting, i.e. the 
solidus and liquidus temperatures. Salient features of 
individual DTA traces are also indicated. The liquidus 
temperatures reported are the temperatures corresponding to 
complete melting. In several instances such as those where 
a plateau exists after the peak, the actual temperatures 
may be somewhat lower. 
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7.2.1 -Bffoct of Heating Rate ; 

Figures 1-18 and x-34 in Appendix I show the effect 
of heating rate on the DTA trace for two samples. The traces 
demonstrate that the record of transformation temperature is 
reproducible within a few degrees centigrade with no detectable 
effect of heating rate. This is consistent with the obser- 
vation made earlier in Chapter 2. 

7.2.2 Reproducibility ; 

Additional DTA traces for some samples w'ith the same 
heating rate (Figures 1-5, 1-6; 1-11, 1-12; 1-13, 1-14; 1-32, 
1-33) showed that the results are fairly reproducible. For 
example, Figure 1-11 obtained for slag A-7 gives solidus and 
liquidus temperatures as 1335 and 1464°G. A second trace 
for the same sample yields the temperatures as 1328-1333 and 
1464°C respectively. 

7.2.3 Sources of Errors and Troubles : 

The problems associated with stray voltage pick-ups 
at elevated temperatures (1200°C onwards), noncrystallinity 
etc. and the measures for their elimination have been 
discussed in Chapter 4. There were, however, several other 
problems which had to be overcome. 
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main problGiQ involv6S foaining of fhe viscous 
slags. If \7as found "that some slags were so viscous that 
they tended to form bubbles once melting started. Such 
bubbles would invariably change the thermal characteristics 
of the samples significantly thus causing irregularities in 
the DTA traces . In some cases severe foaming caused actual 
ejection of the sample from the crucible. It was found that 
foaming and ejection caused the DTA trace to abruptly swing 
in the opposite direction. It was therefore necessary to 
maloe visual observation of slag sample after every run. 

It was found out that slags containing 1102 
the most well-defined peaks. This may perhaps be attributed 
to the v/oll-known behaviour of Ti 02 as a promoter of nucleation 
and crystallization in glasses. ?/hile the height and area 
of peak would definitely depend on the extent of crystalli- 
sation, it would be difficult to analyse the present traces 
in those terms. 

Ifultiple peaks as such ought to indicate more than 
one transformation in the molting temperature rar^e. However 
it has been inferred already that gas bubble formation 
disturbs the peak. As the entrapped bubble tries to escape 
or coalesces v/ith other bubble and disrupts the semilipuid 
slag some kind of pseudo peaks may very well appear in the 
DTA curve due to fluctuations in sample temperature. There- 
fore multiple peaks are most likely due to troubles like 
this and do hot depict multiple transformations . 
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7.3 Coin-narison with Liquid i is Data Available in Literature : 

Considering the actual slag sample to consist of 
four components viz. Al^O^, GaO, SiO^ and ffgO only, and 
rejecting other constituents, the compositions of all the 
samples wore recalculated and are presented in Table 7.2. 

Fext liquidus temperature data of a fev/ composition of such 
f our~componont representation were compared with those by 
Osborn et al.^^ for the synthetic four-component system; 
Al20^-Ca0-Si02-Mg0 comparisons are presented in Table 7.3. 

Due to the limited matching of slag compositions with those 
investigated by Osborn et al. , comparisons could be made 
only for a fcv/ compositions. Erom Table 7.3 it may be noted 
that for two slag compositions (viz. Al and A8), the liquidus 
temperatures are in the proximity of the temperatures given 
by Osborn et al.^^« However for samples A4 and B2 no such 
matching of liquidus temperature exists. The reasonable 
matching of liquidus temperatures for sample A1 and A8 and 
not samples A4 and B2 may be attributed to sensitiveness of 
liquidus temperatures to composition variations. It can be 
seen that for compositions falling in range of sample Al and 
A8‘, slight variations in compositions do not effect the 
liquidus temperatures on the other hand for the compositions 
falling in the range of samples A4 and B2 , slight variations 
in composition drastically change the liquidus temperatures 
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Table 7.21 

Slag /aia.ly3es of Samples of Region A In Terms of Pour 
Components viz. Al^O^, CaO, SiO^ and MgO 
S = Pure slag, Y = 11^0^, Z = CaO 


! 

S .I'l. 1 

t 

! 

i 

I 

Sample 
IIo . 

f 

1 De signal ion 

; of Sample ; 

I ' 

f 1 

AI 2 O 3 

wt. 

CaO 

0 

0 

SiO^ 

1 

11 

100S 

26.98 

30.69 

4.76 

37.57 

2 

12 

100S+10Z 

24.53 

36.99 

4.33 

34.15 

3 

15 

100S+20Z 

22.48 

42.24 

3.97 

51 .31 

4 

14 

100S+30Z 

20.75 

46 . 68 

3.66 

31 .31 

5 

15 

100S+30Z+10Y 

26.41 

43.35 

3.40 

26.84 

6 

16 

100S+30Z+20Y 

31 .32 

40.46 

3.17 

25.05 

7 

17 

100S+40Z+10Y 

24.65 

47.13 

3.17 

25.05 

8 

18 

100S+40Z+20Y 

29.36 

44.18 

2.98 

23.48 

9 

19 

100S+50Z+10Y 

23.11 

50.43 

2.98 

23.48 

10 

110 

100S+50Z+20Y 

27.64 

47.46 

2.80 

22.10 
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Table 7.2B 

iaialyscs oi Samples of Region B In 'Terms of four 
Components viz. Al20^ , C'aO, SiO^ and %0 



S = Pure 

! slag, Y = Al^O 

3’ 

T = 

TiO^, 

Z = CaO 


t 

S.N. i 

t 

f 

Sai'TOle { 

Designation 

t 

f 

1 

I 


wt . 

pet . 


t 

! 

f 

f 

Bo . ■ ; 

I 

1 

of Sample 

1 

f 

I 

f 

AI 2 O 3 

CaO 

MgO 

SiO^ 

1 

B1 

100S 


26.98 

30.69 

4.76 

37.57 

2 

B2 

100S+10Y 


33.62 

27.90 

4.33 

34.15 

3 

33 

100S+20Y 


39.15 

25.58 

3.97 

31 .31 

4 

B3-1 

100S+20Y+1 .2T 


38.76 

25.32 

3.93 

31 .00 

5 

B3-2 

100S+20Y+2.4T 


38.38 

25.07 

3.89 

30.69 

6 

B4 

100S+30Y 


43.83 

23.61 

3 .66 

28.90 

7 

B5 

100S+30Y+20Z 


37.99 

33.79 

3.17 

25.05 

8 

B6 

100S+50Y+20Z 


45.28 

29.82 

2.80 

22.10 

9 

B7 

100S+40Y+30Z 


39.40 

35.70 

2.80 

22 .10 

10 

B8 

100S+60Y+30Z 


45.78 

31 .94 

2.51 

19.77 

11 

B8-1 

100S+60Y+30Z+1 .9T 


45.33 

31 .63 

2.48 

19.58 

12 

B8-2 

100S+60Y+30Z+3.8T 


44.88 

31.32 

2.46 

19.39 

13 

B9 

100S+50Y+40Z 


40.52 

37.21 

2.51 

19.77 

14 

B10 

100S+70Y+40Z 


46.18 

33.66 

2.27 

17.89 
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Taole 7.3 

Compaxison of Some Liquid us Temperatures of the Present 
Investigation with Those Obtained by Osborn et al.^^ for 
Synthetic GaO-Al^O^-SiO^-UgO System 


Sample 

ho . 1 


l 

j Present investigation 


26.98 30.69 37.57 4.76 1325 


20.75 46.68 28.90 3.66 1426 

1431 


29.36 44.18 23.48 2.98 1488 


33.62 27.90 34-15 4-30 1322 


1 

1 

1 

1 

Osborn et 

■1 22 
al . 


jAlgO^ 

i CaO 

f 

jSiOg 

i MgojT , °G 

t f 

25 

30.0 

40.0 

5.0 

1320^5 

25 

30.0 

39.0 

6.0 

1316+3 

25 

30.0 

38.0 

7.0 

1350+1 

25 

31 .0 

36.0 

8.0 

1417+3 

20 

46.5 

26.0 

7.5 

1536 

20 

45.0 

30.0 

5.0 

1505 

20 

44.5 

28.5 

7.0 

1465 

20 

48.0 

28.0 

4.0 

>1575 

30 

37.0 

25.0 

8.0 

1495+1 

30 

44.0 

20.0 

6 .0 

1455+4 

30 

43.0 

19.0 

8.0 

1416+3 

30 

42.0 

19.0 

9.0 

1422+2 

35 

28.0 

33.0 

4.0 

1447+4 

35 

24.0 

33.0 

8.0 

1561+2 

35 

32.0 

29.0 

4.0 

1480+3 

35 

28.0 

29.0 

8.0 

1 597+4 
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and -fchuroforo correlation of data of present investigation 
with literature data ought to he difficult. 

lahlo 7.4 sho\Ys the comparison of present vi^ork with 
liquidus temperatures obtained by Baldwin^® on some actual 
blast lurnacG sla.gs . Here only the compositions of two 
samples could oe matched with those of Baldwin^^ work. It 
is to be noted that for one sample (A4), the temperature is 
off by about 100°C while for the other sample (A6) there is 
only a difference of about 15°C. On closer look at the 
compositions j wo find that MnO content is very high in the 
slag samples of present work. Thus it is difficult to 
correlate the present data with other similar work reported 
in the literature. Moreover due to limited data it is 
difficult to ascertain whether the compositions of samples 
A4 and A6 fall in composition sensitive range or not. 
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Table 7.4 

Comp, arisen of Some liquidus '“emperatures of the Present Study 
with Those of Baldwxn^O on Actual Blast Purnaoe Slag Samples 


Slag 

Constituents 

^ — _ 

! 

I Present 

S Investigation 

I A4 

! 

— JL.. 

I 

jBaldv/in^*^ 

! 

! 

? 

! 

! 

f 

('Present 
! Investigation 
J A6 

! 

JBaldwin^*^ 

! 

1 

1 

t 

! 

AlgOj 

19.6 

19.5 

30.3 

29.0 

GaO 

45.4 

43.8 

39.3 

39.0 

SiO^ 

27.3 

30.8 

23.7 

26.2 

MgO 

3.5 

4.6 

3.0 

3.7 

MnO 

2.9 

0.5 

2.5 

0.2 

PeO 

0.8 

0.1 

0.7 

0.3 

TiOg 

0.2 

- 

0.1 

- 

S 

0.4 

1 .6 

0.3 

1 .8 

Liquidus 
Temp, oc 

1430 

1510^ 

1530** 

1512 

1525* 

1530** 


* Calculated liquidus 


** Measured liquidus 
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CHAPTER 8 


SUMMARY AND CORCIUSIOHrS 


8.1 S-ummaiy : 

a.) Dif f GTsnliial ■fehsimia.l analysis (DTA) and btoi filaniGn't 
microscopy (HPM) imits were designed and fabricated, 

b) Determination of liquidus and solidus temperatures of 
Rourlcela blast furnace slag with and without additions 
of Al^O^, CaO and Ti02 were made using the DTA apparatus* 

c) HEM assembly and filament design were perfected. 

Various switching devices were tried. However, all the 
problems could not be resolved, 

8 *2 Conclusions ; 

The findings of the present investigation are: 

a) Without annealing and crystallization, no DTA peak could 
be obtained. 

b) DTA peak could be obtained for heating cycle only. 

c) Variation in heating rate did not influence the solidus 
and liquidus temperatures , 

d) Data were reproducible within 10°C. 

e) Eormation and evolution of gas bubbles led to irregula- 
rities in the DTA traces at some compositions. 
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Multiple peaks obtained in several DTA traces may be 
attributed to these factors as well as possible multiple 
transformations in the slag during heating. 

f ) Comparison with data from other sources for few composi- 
tions did not yield any systematic matching. It seems 
sensitivity of the liquidus temperature to composition 
variations is at least partly responsible for this 
behaviour pattern. 

g) It is contended that a fair amount of confidence can be 
placed on the results. However some cross checking by 
the HPM, quench method and/or viscosity-temperature 
behaviour would perhaps be desirable. 



107 


EEEEEEUCES 


1 . Industrial E&D Plans for Iron & Steel? Published br 
Hindustan Steel ltd. (1975) 

1A, P. Ordway: J. Res. lat. Bur, Standards, 152 (1952) 

2. J.H, Welch: J. S'ci. Instrum. , 458 (1954) 

3. J.H. Welch: J. Iron & Steel Inst., 8^, 275 (1956) 

4. R.C. Mackenzie: Basic Principles and Historical Developmen-" 
in ’Bifferential Thermal Analysis*, Vol. I, R.C. Mackenzie 
(Ed.), Academic Press, B.Y. (1970) 

5. R.C. Mackenzie (Ed.): 'Differential Thermal Analysis', 

Vol. I, II, Academic Press, ET.Y. (1970) 

6. W.J. Smothers, Yao Chiang: 'Hand Book of Differential 
Theimial Analysis', Chemical Publ. Comp., Inc., F.Y. (1966) 

7. EIIDr, Ph Mr. Anton Blazek: 'Thermal Analysis', von 
Hostrand Reinhold Comp. ltd., (1973) 

8. R.C. Mackenzie: 'The Differential Thermal Inrestigation 
of Clays', Mineralogical Soc., London (1957) 

9. P.D. Gam: ' Thermoanaly tical Methods of Investigation', 
Academic Press, H.Y. (1965) 

10. R.E. Schwenker Jr., P.D. Gam (Ed.): 'Thermal Analysis', 
Vol. 1, 2, Academic Press, B.Y. (1969) 

11. T. Daniels: 'Thermal Analysis', Kogan Page Ltd., London, 
(1973) 

12. P.L. Arens; 'A Study of the Differential Thermal Analysis 
of Clays and Clay Minerals', Excelsiors Poto Offset (1951) 

13. R.W. Hurse; Proc. Intern. Symposium Chem. Cement, 3rd Symp. 
London, 56 (1952) 

14. K, Grupner: in, 'Research in Chemical and Extraction^ 
Metallurgy', J.T. Wood Cock, A.E. Jenkins, G.M. Willis 
(Ed.), (1965) 


108 


15. » Richaxd 01 ;!; j Malcofm 0 . McLaxeii; iji, 'Tliernisil Analysis’, 
E.R. Sche-vei 3 lcer Jr., P.B. Garn (Ed.), Yol. 2 , 1529 ( 1969 ) 

16. Ralph H. Mafziger? 'High Temp. Sci. ’ , 7 , 179 (I 975 ) 

17 . J.J. Byerely: Univ. Toronto, M.A.Sc. Thesis (1959) 

18. A. Ohno; Univ. Toronto, Ph.D. Thesis (1962) 

19 . Gerhard Derge; Trans, filet. Soc, AIME, 25 ^, 1480 (1967) 

20 . B.G. Baldwin: J. Iron & Steel Inst., 186, 388 (1957) 

21. A. Ohno, H.U. Ross: Can. Met. Quat., 2 , 243 (1963) 

22. E.P. Osborn, R.C. DeVries, K.H. Gee, H.M. Kraner: J. Metals 

Trans., 33 (1954) 

23 . J. Taylor: J. Iron & Steel Inst. Ion., 200 , 701 (1962) 

24 . KLaus Koch, Gerhard Toromel: Arch. Eisenhuttenwes, 

165 (1975) 

25. von Klauskoch, Gerhard Trorael, Gerd Heinz; Sonderdruck aus 
Tonind. - Ztg, 92, 3 (1975) 

26. E.P. Glasser, J. Marr; Trans. & J. Brit. Ceram. Soc., 4, 

133 (1975) 

27 . G.M. Biggar, J. O'hara; Miner. Magz., 3S, 918 (1972) 

28. A.J. Burgess, B.G. Baldwin; J. Iron & Steel Inst., 186 , 

227 ( 1957 ) 

29. D. Turnbull: J. Chem. Phys., 18, 198 (1950) 

30 . M. Yolmer: Z. Electrochem. , 555 (1929) 

31 . H.H, Eletcher: J. Chem. Phys., 22, 572 (1958) 

32 . G, Tamman: J. Soc, Glass. Tech., 2^, 166 (1925) 

33. J.O. Morley: Glass Technol., 6, 77 (1965) 

34 . J. Erenkel: 'Kinetic Theory of liquids', Oxford, ClarendOxx 
Press ( 1946 ) 



109 


35. 

‘36 . 

37. 

38. 

39. 

40. 

41. 

42. 

43. 

44. 

45. 

46. 

47. 

48. 


S.’;, SSSS.'gSS“K‘" 

s5is:s"»;s3isa,i.“ss ssX'(:sr 

P.D, G-^n; * Phermoanalytical Methods of Investiffati nn « 
Chap. I±I, Academic Press, F.Y. (1965) igation , 

C^i 'Differential Pheimal Analysis', 

unap, 4, vol. 1, Academic Press, F.Y, (1970) ^ ’ 

S.D. Boersma: J. Am. Ceiam. Soc,, 281 (1955) 

N.A. Fedumov: Zh. fiz. Khim,, 8^, 181 (i960) 

P.D. Arens; Soil Science, 22, 406 (1951) 

H.E. Kissinger; J. Res. Fatl. Bur. Std., 217 (1956) 

H.T, Smyth; J. Am. Ceram, Soc., ^1? 221 (1951) 

Klauskoch, et al.: Arch. Eisenhuttenwes, 83 (1975) 

Press'^two)^^^*^* Diagrams', Tol. I, II, Academic 


A. Muan, E .P . Osborn; - 'Phase Equilibria Among Oxide in 
Steelmaking’ , Addison-Wesley Pub. Comp. Inc., Mass. (1965) 

E.M. Derin et al.: 'Phase Diagrams for Ceramists', Am. 
Ceram. Soc., Columbus, Ohio (1964) 

58^(196oI^^^’ et al. : J. Iron Steel Inst. London, 195 . 


49. G.G. Hatch, J. Chipman; Trans. AIME, 185 . 274 (1949) 

50. A.B. Samaddar, D. Lahiri; Trans. Ind. Ceram. Soc., 21, 

75 (1962) — 

51. J.E. Krug,er; Cement and Lime Manuf., London, 2^, 104 (1962) 

52. J. Taylor: in 'Phase Diagrams', A.M, Alper (Ed.), Tol. II, 
Chap, 6, Academic Press, H.Y. (1970) 



110 


53 - 


54 . 


H.C. Yeh; 

E. Aruia. 

( 1959 ) 


ibid, Vol. I, Chap. 6 (1970) 

J.H. V/elch, W. Gutt: J. Sci. Instrum., 162 


55. J.H. V/elch: ibid, _28, 402 (1961) 

56. R.I. Causer: ibid, 41, 650 (1966) 


57. 


J.OM. Bockris, et al.: 
High Temperatures', pp. 
London , 


' c Kfeasurements at 

o5, Butterworths Scientific Publ., 



ATPENDIX - I 


DTA TRACES 








•#It| 
















ft -itiuii/; 



























ivaiyia, 




(mm •> ! 5 


























MiQiil 


QWiivsi; 

— !~ 4'?'3ii*ai2^^y,‘^ii 

■ i, ; 






























wjihm 




































Q 'i ' I « *1 % I . I 


ri-c* 
















■ 












^ $9811 
/j| 508SI ‘ 

This book Is to be returned on the 
date last stamped. 


